We present measurements of oscillations in the electron density, ion density and ion velocity in the induced magnetosphere of Mars. The fundamental frequency of the oscillations is a few millihertz, but higher harmonics are present in the spectrum. The oscillations are observed in a region where there is a velocity shear in the plasma flow. The fundamental frequency is in agreement with computational results from an ideal-MHD model. An interpretation based on velocity-shear instabilities is described.
Introduction
Recent electron measurements by the Mars Express [1] spacecraft and magnetic field measurements by the Mars Global Surveyor [2] have shown oscillations in Mars' magnetosheath, induced magnetosphere and tail. The frequency of the integrated electron energy flux is typically peaked between 0.01 and 0.02 Hz. The typical O + gyro-frequency in the magnetosheath, calculated using magnetometer data from Mars Global Surveyor, is in this range [2] . The observed amplitudes were highest near the bow shock (BS) nose and decreased further downstream [1] .
At Venus, observations of wave-like structures in the plasma were made by the Pioneer Venus Orbiter. These structures were seen in the upper part of the dayside ionosphere.
Plasmoids of ionospheric plasma, separated from the ionosphere by a region of magnetosheath plasma, were observed near the terminator and further downstream [3, 4] . The observed separation was perpendicular to the plasma flow in the magnetosheath and this has been interpreted as an indication of a wave associated with an instability at the ionopause. Such instabilities have been studied in the framework of magnetohydrodynamics (MHD) [5, 6] and by the use of a two-dimensional global hybrid simulation [7] . These studies showed that a Kelvin-Helmholtz instability at the boundary layer can be the cause of the observed wave structures and the detachment of plasmoids from the ionosphere. Lammer et al [8] published predictions of escape rates for the different processes that are thought to be responsible for atmospheric escape from Venus. They found that 'the Kelvin-Helmholtz instability may be responsible for a loss rate of O + ions on Venus in the order of about 10 25 s −1 '. The Kelvin-Helmholtz instability [9, 10] is the lowest frequency example of velocityshear-induced instabilities [11, 12] . Higher-frequency instabilities in this category cover ion-acoustic, ion-cyclotron and lower-hybrid frequencies. The higher-efficiency process of gyro-resonant ion-cyclotron heating [13] is attractive for explaining outflow of heavy ions of planetary origin.
The interaction between the solar wind and Mars has been studied using single-fluid MHD models [14] , single-fluid, multi-species MHD models [15, 16] , two-ion MHD models [17, 18] and hybrid models [19, 20] .
In this paper, a case study based on measurements from one orbit of the Mars Express spacecraft is presented. We present measurements of simultaneous oscillations in both the electron and ion densities and in the ion velocity inside the induced magnetosphere at Mars. The observations, that were made using the Analyzer of Space Plasmas and Energetic Atoms (ASPERA-3) [21] on the Mars Express spacecraft, are compared to MHD computations of the Kelvin-Helmholtz instability. Nilsson et al [22] reported observations of a number of 'ion beam events' for the December 2005 to March 2006 period. These ion beams showed a fine structure that is consistent with the case that is studied in more detail here.
Mars express data
We analyse data from Mars Express orbit 2510 between 11:15 and 11:45 UT on 26 December 2005. The orbit is shown in figure 1 . The Mars-centred Solar Orbital coordinate system is used in this paper. The x-axis is directed from the centre of Mars towards the sun, the z-axis is northward and perpendicular to Mars' orbital plane and the y-axis completes the right handed system. Figure 1(a) shows a projection of the orbit on the y-z plane. Figure 1(b) shows the orbit in a cylindrical coordinate system, where the vertical axis is the distance to the Mars-Sun line, i.e. ρ = y 2 + z 2 . Both axes are normalized to the radius of Mars. The BS and the IMB are shown as dashed lines. The measurements that are analysed in this paper were performed between 11:15 and 11:45 UT, and the positions of the spacecraft at these times are marked in the figures. Figure 1(c) shows the geometry of the calculations that are presented in section 3.
The IMB is the boundary which separates the solar wind from the inner region that is dominated by plasma of planetary origin. It has been given many different names in the literature depending on what measured quantity has been used to identify it. We call it the IMB following [23] . Whether the IMB is the same boundary as the magnetic pile-up boundary [24] cannot be determined by Mars Express that does not carry a magnetometer.
During the interval of interest here, the spacecraft was in the induced magnetosphere. Electron and ion energy spectra are shown in figure 2. Oxygen and carbon dioxide ions were observed by the ion mass analyzer (IMA). The IMA was operated in a mode where it, every 12 s, obtained spectra, in the 30 eV to 30 keV energy range, from 16 sectors that together cover 
360
• in one plane. Ion mass resolution is achieved by deflection of particles in a magnetic field set up by permanent magnets. The instrument is thus able to distinguish between oxygen and carbon dioxide ions. In figures 2(b) and (c), the sum of the 16 sectors is shown, but the dominating signal came from only one sector. The observed ions arrive at the spacecraft from the direction of a region near the equatorial terminator. The electron spectra were measured using the electron spectrometer (ELS) and are shown in figure 2(a). Every 4 s, spectra were obtained from 16 sectors that together cover 360
• in one plane. Figure 2(a) shows the average of the spectra from the 16 sectors. The spectra obtained by the sixteen different sectors are similar, as is expected from an isotropic electron velocity distribution. Below 20 eV, the electron spectra are dominated by photo-electrons emitted from the spacecraft. The ambient plasma has an electron temperature, k B T e ≈ 40 eV. . Each IMA sector covers a 22.5 • ×4.5
• field of view. The observed ion beam is about one sector wide, i.e. 22.5
• , in the plane where all sectors are located. The density has been calculated assuming that the width is 22.5
• , also in the direction perpendicular to this plane, where only the 4.5
• opening angle is sampled. The lower energy limit of the IMA is 30 eV and therefore n i should be seen as the contribution to the ion density from ions with energies above 30 eV. The electron density n e is shown in figure 3(b) . The average of the particle flux collected by the different sectors was used to calculate n e . An isotropic velocity distribution was assumed. To avoid the contribution from photo-electrons emitted by the spacecraft, only electrons with energies above 30 eV were included.
There are oscillations in both the electron and ion densities. These are also evident in the spectra in figure 2. Figure 3(c) shows the power spectral density P n i n i of n i − n i , where n i is mean value of the density during the time shown in figure 3(a) . Similarly, figure 3(d) shows the power spectral density P n e n e of n e − n e . The power spectral density was computed using Welch's method, described in [25] , with a Hanning window and 65% overlap. The ion and electron density time series agree well between 11:18 and 11:31. The power spectral density peaks at 2 mHz f 3 mHz and 8 mHz f 9 mHz. The sampling frequencies are different in figures 3(c) and (d), specifically, 1 4 Hz for the electrons and 1 12 Hz for the ions, and therefore the peaks do not overlap exactly. A third peak at 11 mHz f 12 mHz is evident in the ion spectrum.
The ion velocity can be derived from the IMA data. In the cylindrical coordinate system in figure 1(b) , the azimuthal component of the velocity is negligible, i.e. the velocity vector is in the plane of figure 1(b) . . The frequency of the velocity oscillations coincides with the fundamental frequency of the density oscillations.
The most easily distinguishable peaks in the times series in figure 3 correspond to the peak at 8 mHz f 9 mHz in the power spectrum, whereas the fundamental frequency is seen as a modulation of these peaks in the ion times series. The fundamental frequency is seen most clearly in the velocity data (figure 5), and can be seen in the energy spectrograms as well. It is not so easy to see in the time series of the electron data, but it is revealed in the power spectral density in figure 3(d). 
Computations
We model the sheared flow using a one-dimensional ideal MHD model with two ion species [26] . and electrons, but only one momentum equation. Thus the different species have the same bulk velocity in the model, but can have different densities and temperatures. The measurements show that the ions have equal energies rather than equal velocities. We explore the effect of the velocity dependence by calculating three cases with only O + ions, using a velocity profile that is estimated from the O + measurements, and three cases with both O + and CO + 2 , using a velocity profile that is a weighted average of the measured velocities of O + and CO + 2 . The model coordinate system (ξ , ψ, ζ ) is shown in figure 1(c) . In the following,ξ,ψ andζ denote unit vectors in the ξ -, ψ-and ζ -directions, respectively. The plasma flows in the ψ-direction. The magnetic field, B 0 = B 0ζ , is parallel to the ζ -axis. All equilibrium quantities are constants except the plasma velocity that depends on ξ . A smooth velocity-profile function is fitted to the measured data for each ion species. This fitted profile is given by
where a 1 = 0.18, a 2 = 2.6 and a 3 = 0.82. For large ξ , v 0 tends to the asymptotic limit v m .
Here ξ = 2524 km is the width of the shear layer. The parameters of the six different cases 
In all six cases, the plasma is Kelvin-Helmholtz unstable. The growth rates as functions of wave number are shown in figure 6 . The Kelvin-Helmholtz instability creates a waveform that is stationary in the plasma rest frame. An observer that is stationary in the planetary frame will see a frequency that is Doppler-shifted by the ion flow speed. Assuming an ion flow speed corresponding to ξ = 0 in (1), the frequency values shown in table 1 are given by
The variation in the wave number of maximum growth between the different cases is small. The frequency is about 4 mHz in the two-ion plasma and about 6 mHz in the O + -ion plasma. In section 2, a fundamental frequency of 2-3 mHz was observed in the measurements. The growth rates are higher in the single-ion cases (4-6), with their larger velocity shear, than in the two-ion cases (1-3) , where the velocity shear is smaller. Within each group (1-3 and 4-6), the growth rate decreases with increasing density.
Conclusions and discussion
Oscillations in density and velocity are observed at a fundamental frequency of about 2-3 mHz in the induced magnetosphere of Mars. We have calculated frequencies and growth rates for the Kelvin-Helmholtz instability using a linearized one-dimensional MHD-model with a velocity profile that is estimated from the satellite measurements. Of the six calculated cases, cases 1 and 2 are those that best resemble the measured data, having two ion species and low values of density. Both of these cases yield frequencies around 4 mHz and growth rates of 0.0023 s −1 . The agreement is reasonable for the frequencies. At the observed ion velocities, it takes the plasma about 100 s to travel from the planet out to the region where the observations were made. With this calculated growth rate, the growth factor corresponds to e 0.23 ≈ 1.26, i.e. approximately 26% growth.
The plasma at the location of the observations was unstable to the Kelvin-Helmholtz instability. While the frequency is in reasonable agreement with observations, the growth rate is not high enough to explain the large amplitudes and the presence of higher harmonics. Thus the simplified physics of a one-dimensional linear model can only partially explain the observations. The growth rate could possibly be higher close to the planet due to a larger velocity shear in that region. The wave could thus have grown more than our calculation indicates before it reached the spacecraft. However, if the value of the velocity shear is higher, not only the growth rate but also the frequency would increase, and therefore, while this hypothesis would give a larger amplitude, it is not consistent with the frequency match between model and measurements. The assumption that all ion species have the same bulk velocity is a potential weakness of the model. However, the calculations of the cases with only oxygen ions and their higher speeds did give higher growth rates, but the highest growth rate was still not more than 0.0034 s −1 in case 4. If the Kelvin-Helmholtz instability develops into a non-linear state where the vortices form, this would be seen as higher harmonics by a stationary observer. Also, the growth of the Kelvin-Helmholtz instability can lead to the formation of localized gradients and the development of microinstabilities [27] .
